Several DNA viruses, including adenovirus, simian virus 40, and herpesviruses, have been shown to affect the partitioning of cellular antigens within ND10 (1, 4, 7, 19, 21, 32, 38, 44) . These nuclear matrix-associated domains occur at an average of 10 per nucleus and are also known as PODs, Kr bodies, nuclear bodies, and PML-associated bodies (7, 15, 38) . ND10 proteins have been associated with the control of cellular growth, transcription, apoptosis, and the life cycles of several viruses (5, 11, 14, 35) . The most extensively studied ND10 protein, PML, is expressed as a fusion with the retinoic acid receptor alpha in individuals with acute promyelocytic leukemia (APL) (18). Expression of the PML-retinoic acid receptor alpha fusion protein in APL cells results in both the disruption of ND10 foci and the loss of growth control. Retinoic acid treatment of APL cell lines results in both the restoration of growth control and the reformation of ND10 (20). The observations that dispersal and reformation of ND10 occur during the cell cycle and in response to stress (34, 43) suggest that the partitioning of ND10 antigens into ND10 foci is linked to cellular growth control. PML has been shown to play a role in cellular growth control (46), and both PML and another ND10 protein, Sp100, have been implicated in transcriptional regulation (14, 49).
Several DNA viruses, including adenovirus, simian virus 40, and herpesviruses, have been shown to affect the partitioning of cellular antigens within ND10 (1, 4, 7, 19, 21, 32, 38, 44) . These nuclear matrix-associated domains occur at an average of 10 per nucleus and are also known as PODs, Kr bodies, nuclear bodies, and PML-associated bodies (7, 15, 38) . ND10 proteins have been associated with the control of cellular growth, transcription, apoptosis, and the life cycles of several viruses (5, 11, 14, 35) . The most extensively studied ND10 protein, PML, is expressed as a fusion with the retinoic acid receptor alpha in individuals with acute promyelocytic leukemia (APL) (18) . Expression of the PML-retinoic acid receptor alpha fusion protein in APL cells results in both the disruption of ND10 foci and the loss of growth control. Retinoic acid treatment of APL cell lines results in both the restoration of growth control and the reformation of ND10 (20) . The observations that dispersal and reformation of ND10 occur during the cell cycle and in response to stress (34, 43) suggest that the partitioning of ND10 antigens into ND10 foci is linked to cellular growth control. PML has been shown to play a role in cellular growth control (46) , and both PML and another ND10 protein, Sp100, have been implicated in transcriptional regulation (14, 49) .
Soon after infection with herpes simplex virus type 1 (HSV-1), the viral transactivator ICP0 migrates to ND10 and is believed to initiate the dispersal of PML and other ND10 antigens (8, 10, 12, 31, 47) . Everett et al. have recently reported that the disruption of ND10 correlates with the ICP0-and proteosome-dependent loss of several PML isoforms (9) . DNA genomes have been observed at the periphery of ND10 and have been reported to preferentially initiate transcription at sites adjacent to ND10 (33) . During infection, viral DNA replication proteins are found in large globular nuclear domains called replication compartments (40) . Under some experimental conditions replication compartments have been shown to form at sites adjacent to ND10 (15, 26) . Taken together, these results suggest that ND10 or sites in the cell close to ND10 play an important role in the establishment of a productive infection (32) . One attractive model posits that ND10 antigens mark sites in the nucleus that are necessary for the establishment of a productive viral infection (30) ; whether these sites represent nuclear matrix attachment sites or some other relatively fixed domains within the nucleus remains to be determined. We and others have also observed that ND10 proteins are recruited to replication compartments in infected cells (24, 39) , although the role of these proteins in viral replication is not clear.
In this report, we explore the disruption of ND10 and the formation of replication compartments in cells infected with wild-type and mutant viruses. Based on staining patterns of the ND10 protein PML and the HSV-1 major DNA binding protein (SSB, ICP8, or UL29), we define four distinct stages during early infection leading to replication compartment formation. Stage I cells resemble uninfected cells in that they contain intact ND10 and show no ICP8 staining. Stage II cells show diffuse PML staining and no intact ND10. ICP8 staining is diffuse and nuclear during this stage. After the initial disrup-tion of ND10, cells enter a stage (stage III) in which ICP8 and PML colocalize in punctate foci, which resemble one type of prereplicative site. Prereplicative sites in cells infected with wild-type virus in the presence of polymerase inhibitors and in cells infected with viruses lacking the viral DNA polymerase have previously been described (6, 40) . It is now recognized that there are two types of prereplicative sites: (i) "numerous," thought to represent foci of ICP8 and other viral proteins at cellular replication forks in S-phase cells (24) , and (ii) "ND10 associated," thought to represent actual intermediates in the formation of replication compartments (24, 45) . The PMLcontaining ICP8 foci which appear in stage III cells are likely equivalent to the so-called ND10-associated prereplicative sites. In cells competent to carry out viral DNA synthesis, stage III cells are quickly replaced by cells containing replication compartments (stage IV). In this paper we report the requirements for formation of PML-containing prereplicative sites and replication compartments by studying mutants defective in various HSV replication proteins. The presence of PML in stage III prereplicative sites and in replication compartments implicates ND10 proteins in the establishment of viral infection.
MATERIALS AND METHODS

Cells and viruses.
HEp-2 cells were obtained from the American Type Culture Collection (Manassas, Va.). They were maintained in Dulbecco's modified Eagle's medium (ICN Biomedicals Inc., Aurora, Ohio) supplemented with 10% fetal calf serum (Atlanta Biologicals) and 1% penicillin-streptomycin solution (Sigma) at 37°C in a 7% CO 2 atmosphere.
The KOS strain of HSV-1 was used as the wild-type strain. ICP6::lacZ insertion mutants in the helicase-primase genes, UL5 (hr99), UL8 (hr80), and UL52 (hr114) and the origin binding protein, UL9 (hr94) were previously described (3, 13, 28, 51) . The polymerase null mutant HP66 and ⌬B10, in which the polymerase coding sequences were restored, were previously described (29, 50) . The UL42 mutant Cgal⌬42 was generously provided by P. Johnson and D. Parris (17) .
Immunofluorescence and imaging. Cells were grown on glass coverslips and infected as described above. Cells on coverslips were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for 30 min, washed in PBS, and permeabilized in 1.0% Triton X-100 in PBS for 10 min. The coverslips were again washed in PBS and pretreated with 3% normal goat serum in PBS for several minutes. The polyclonal antibody used to detect the viral ICP8 was anti-ICP8, a kind gift from Bill Ruyechan (State University of New York at Buffalo) (41) . The monoclonal antibody used for detection of the ND10 protein, PML, was obtained from Santa Cruz Biotechnology (Santa Cruz, Calif.). All antibodies were used at a dilution of 1:200 in 3% normal goat serum. Cells were stained with the primary antibodies for 30 min. Coverslips were washed extensively with PBS between primary and secondary antibodies. The secondary antibodies, Texas red-conjugated goat anti-rabbit and fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulins, were obtained from Cappel, Organon Teknika Corporation (Durham, N.C.) and were used at a dilution of 1:200 in PBS for the 30-min staining of the coverslips. Coverslips were then washed extensively in PBS and mounted in glycerol gelatin containing 2.5% diazibicyclooctane (DABCO) to retard bleaching. Imaging was performed on a Zeiss Axiovert 135 laser scanning microscope (confocal) equipped with an argon-krypton laser. Texas red was excited at 568 nm; fluorescein isothiocyanate was excited at 488 nm. Emissions were collected separately, and the channels were overlaid by computer for the dual images. Images were collected with a 63X Neofluar lens and arranged and labeled by using Adobe Photoshop 3.0.
RESULTS
Four stages of HSV infection.
In this report we describe four stages of early HSV-1 infection based on the PML and ICP8 staining patterns observed during the first 6 h of infection. HEp2 cells were infected with KOS at a multiplicity of infection (MOI) of 2 PFU/cell and were harvested at 1-h intervals between 0 and 6 h postinfection. Cells were prepared for immunofluorescence microscopy and stained with a polyclonal antibody specific for ICP8 (41) as a marker for viral replication proteins and a monoclonal antibody specific for PML as a marker for ND10. As a control, cells were stained with one primary antibody and both secondary antibodies: in all cases only the expected staining was observed. This indicates that there was no cross-reactivity of antibodies and no leakage of light from either fluor into the inappropriate channel. A minimum of 100 cells on each coverslip were tallied according to their staining patterns, and the percentages of cells exhibiting each staining pattern are shown in the first column of Fig. 1 . At time zero, almost all cells contained PML in intact ND10 and showed no ICP8 staining ( Fig. 1 , top row); this pattern was designated stage I. Within the first 2 h of infection, PML staining became diffuse and cells exhibited a gradient of ICP8 staining from no ICP8 to strong diffuse nuclear ICP8 staining; we defined this staining pattern stage II (Fig. 1, second row) . After the disruption of ND10 and prior to the formation of replication compartments, we observed the unexpected reappearance of PML foci within a background of diffuse nuclear PML staining, peaking at about 3 h postinfection. These nuclear PML foci resembled intact ND10 of uninfected cells and colocalized with ICP8. Although Everett et al. (9) have reported the degradation of several isoforms of PML in cells infected with HSV, some isoforms remain. We suggest that it is these remaining isoforms of PML which appear to be recruited into PML-ICP8 foci. Cells exhibiting these foci were classified as stage III cells ( Fig. 1, third row) . Stage III appears to be transitory, never exceeding approximately 20% of the cells, and cells in stage III are quickly replaced by cells containing replication compartments (stage IV), which stained for both ICP8 and PML ( Fig. 1, bottom row) . By approximately 5 h postinfection, almost all cells exhibited replication compartments. In this experiment, some PML staining was seen in the cytoplasm of many cells, although some of this staining may have been perinuclear (Fig. 1 ). This observation is consistent with the previous report that PML has been shown to shuttle between the cytoplasm and nucleus; however, cells stained with secondary antibodies alone show faint cytoplasmic and/or perinuclear staining but no nuclear staining (data not shown). Therefore, at least some of the cytoplasmic staining is due to background staining with the secondary antibody. The PML staining observed in stage III foci and in the replication compartments in HEp2 cells is not due to cross-reactivity of the PML antibody with viral proteins, because no PML staining was observed in KOS-infected Vero cells (Fig. 2) . Vero cells contain a version of PML that does not react with the PML antibody used. These results indicate that the nuclear PML staining observed in infected HEp2 cells is due to PML colocalization with viral replication compartments and not crossreactivity with viral antigens. In conclusion, we observe and define four different stages of viral infection with respect to PML and ICP8 antigens. Moreover, we confirm that ND10, as observed by PML staining, are disrupted early in viral infection and we suggest that at least some isoforms of the PML protein are present within HSV-1 replication compartments. The most surprising aspect of these experiments was the apparent reformation of PML foci (stage III) after the initial disruption of ND10 during stage II.
Stage III foci may be equivalent to the previously described ND10-associated prereplicative sites. Stage III foci seen during wild-type infection resemble the previously described ND10-associated prereplicative sites observed in cells infected in the presence of polymerase inhibitors such as phosphonoacetic acid (PAA) (24, 45) : the ICP8 and PML staining patterns are similar in both cases. The first row of Fig. 3 shows cells infected with wild-type virus. In the absence of PAA (Fig. 3A and B) , replication compartments, which stain for both PML and ICP8, were observed. In the presence of PAA (Fig. 3C and D) , both types of prereplicative sites were observed (23, 24) . The upper cell ( Fig. 3C and D) contains numerous prereplicative sites which are thought to represent ICP8 localization to cellular replication forks (24) ; the majority of these numerous prereplicative sites do not colocalize with PML. The lower cell ( Fig.  3C and D) contains ND10-associated prereplicative sites, which are thought to represent intermediates in the formation of replication compartments (23, 24) . Note that the cells containing ND10-associated prereplicative sites resemble the stage III cells in Fig. 1 , third row. The similarity between these staining patterns prompted us to undertake a more detailed analysis of the kinetics of formation of the ND10-associated prereplicative sites. In order to determine if stage III foci and ND10-associated prereplicative sites form with similar kinetics, we infected HEp2 cells with KOS in the absence and presence of PAA and harvested the infections at 1-h intervals to determine staining patterns of PML and ICP8. In the presence of PAA, cells progressed through stages I (intact ND10), II (disrupted ND10), and III (foci) with the same kinetics as were observed in the absence of PAA (data not shown). In the presence of PAA, however, cells did not progress to stage IV, consistent with the observation that PAA inhibits the formation of replication compartments (40) . Since ND10-associated prereplicative sites resemble stage III foci in appearance and formation kinetics, we propose that ND10-associated prereplicative sites represent stage III foci which are not able progress to stage IV because of the presence of PAA. When ND10-associated prereplicative sites were first observed and named, it was assumed these foci appeared prior to the disruption of ND10. The results of the present study with cells infected for shorter periods indicate, however, that these foci formed after, not before, the disruption of ND10. Thus, the observation that ND10 are disrupted before the formation of ICP8-containing foci indicates that the term ND10-associated prereplicative sites may be inappropriate; hereafter in this report we refer to them as PML-containing prereplicative sites. Whether the PML-containing prereplicative sites form at the site of the original ND10 remains to be determined.
HSV-1 mutants defective in DNA synthesis do not form PML-containing prereplicative sites. To better characterize stage III foci (PML-containing prereplicative sites) and understand the events leading to their formation, we assessed HSV-1 mutants defective in DNA synthesis for their ability to form the PML-containing prereplicative sites. Insertion mutants (hr99, hr80, and hr114) of the HSV-1 helicase-primase (UL5, UL8, and UL52, respectively) and an insertion mutant (hr94) of the origin binding protein (UL9) were previously described (3, 13, 28, 51) . ICP8 staining patterns in cells infected with hr99, hr80, hr114, and hr94 were previously shown to be diffuse and nuclear in untreated cells and prereplicative sites in the presence of PAA (23, 25) . Since the two types of prereplicative sites had not been distinguished at the time of those observations, we asked whether both types of prereplicative sites are present in HEp2 cells infected with these mutants in the presence and absence of PAA. At 5 h postinfection, cells were fixed for immunofluorescence and stained with antibodies to ICP8 and PML. Cells infected with mutants defective in helicase-primase or origin binding protein in the absence of PAA exhibited similar patterns of ICP8 staining: the untreated cells exhibited diffuse and somewhat granular ICP8 staining which does not colocalize with PML (Fig. 3E, F, I , J, M, N, Q, and R). Cells infected with these mutants in the presence of PAA were able to form the numerous prereplicative sites, but they did not form the PML-containing prereplicative sites, which are fewer in number and colocalize precisely with foci of PML (Fig. 3C , H, K, L, O, P, S, and T). Thus, in the presence of PAA, cells infected with helicase-primase or UL9 mutants exhibited either the diffuse granular pattern of ICP8 staining (as seen in the upper cell in Fig. 3G ) or the numerous prereplicative site pattern of ICP8 staining (as seen in the lower cell in Fig. 3G ). The fact that PML-containing prereplicative sites (stage III foci) did not form in cells infected with mutants defective in helicase-primase and UL9, proteins necessary for DNA replication, supports the proposal that this subset of prereplicative sites represents a functional intermediate in the formation of replication compartments (24, 45) .
Consistent with previous results (6, 40) , cells infected with a mutant defective in the catalytic subunit of the HSV-1 polymerase (HP66) (29) were able to form both types of prereplicative sites in the presence and absence of PAA. Figure 4 shows not only the numerous prereplicative sites (Fig. 4B , bottom cell) but also the less numerous ICP8 foci, which resemble stage III foci (Fig. 4B, top cell; Fig. 4C , all three cells). To our surprise, however, the less numerous ICP8 foci did not stain with PML ( Fig. 4A to D) . This is in contrast to cells infected with wild-type virus, which exhibited colocalization of ICP8 and PML not only in the absence of PAA (Fig. 1 , third row) but also in PML-containing prereplicative sites in the presence of PAA (Fig. 3C and D) . The mutant staining pattern is due specifically to the mutation in the polymerase gene, as an HP66-derived virus, ⌬B10, in which the polymerase primary coding sequences were restored (29, 50) , regains its ability to recruit PML and progress to replication compartment formation ( Fig. 4E to H) . The observation that PML is not present in the stage III-like foci in cells infected with the polymerase mutant suggests that PML is somehow recruited to these viral structures in the presence of polymerase. This observation raised a question about the apparent interaction of PML with viral foci: is the interaction between PML and (i) the polymerase, (ii) the polymerase accessory protein (UL42), or (iii) a viral complex that is dependent on the polymerase?
Since polymerase is thought to recruit UL42 to viral replication foci (23), we hypothesized that the recruitment of PML to viral foci might be dependent on the presence of the polymerase accessory protein. We asked whether cells infected with a virus lacking the UL42 gene would show PML recruitment to viral foci. In HEp2 cells infected with the UL42 null virus, Cgal⌬42 (17), PML was recruited to viral foci in some, but not all, of the cells showing viral foci (Fig. 4I to L) . This intermediate phenotype suggests that the presence of UL42 is not essential for the recruitment of PML to stage III foci.
In sum, viral mutants lacking the helicase-primase subunits or the origin binding protein cannot form stage III foci (PMLassociated prereplicative sites). The viral mutant lacking an active polymerase can form ICP8-containing foci resembling stage III foci; however, these foci do not associate with PML as they do during wild-type infection.
DISCUSSION
Several observations regarding the relationship between ND10 and viral infection are made in this report. (i) The early events of HSV-1 replication can be broken down into four stages as identified by confocal microscopy of ICP8 and PML staining patterns. PML appears to be recruited into stage III and stage IV foci after the initial disruption of ND10. (ii) Stage III foci do not form in cells infected with mutants lacking UL5, UL8, UL9, or UL52. (iii) The association of PML with the stage III-like ICP8 foci requires the HSV DNA polymerase catalytic subunit. (iv) UL42, the HSV-1 polymerase accessory protein, enhances but is not absolutely required for the recruitment of PML to viral foci.
In this report we have confirmed that ND10 are disrupted almost immediately upon infection (stage II) (10, 31 ). An unexpected result, however, was the appearance of PML-containing foci after the initial disruption of ND10 (stage III). Stage III foci, which may represent the earliest replication compartments, resemble the cellular ND10 in their staining with PML antibodies, in their morphology, and in their approximate number per cell, but they form after most cells have undergone complete disruption of ND10 in stage II. The similarity between ND10 and stage III foci raises the question of whether stage III foci form at the sites originally occupied by ND10 or whether they form at unrelated sites in the nucleus. If stage III foci form at the same subnuclear sites which were previously occupied by ND10, it would indicate that ND10 mark sites within the nucleus which are important to the replication of the virus. The concept that ND10 marks important sites on the nuclear matrix was originally proposed by Maul (30) . The observations that replication compartments form adjacent to ND10 in transfected cells (26) and in cells infected with an ICP0 mutant (16) support the notion that the PML-containing prereplicative sites form at or near the site previously occupied by ND10. We cannot rule out, however, that PML-containing stage III foci represent the nucleation or aggregation of PML protein at unrelated sites in the nucleus as it is recruited to viral foci after being released from cellular ND10.
Müller et al. (36) and Sternsdorf et al. (42) recently showed that modification of the ND10 protein SUMO, also called PIC1 (2, 27, 37) , affects its partitioning within the nucleus (36, 42) . When the PML protein is modified by SUMO, it is observed in the nuclear matrix-insoluble cell fraction, or ND10 (36, 42) . When, however, the protein is unmodified, the protein is found in the soluble nucleoplasm outside of ND10 (36, 42) . The modification and movement appear to be reversible and may represent a nuclear response to influences such as heat shock, interferon treatment, and heavy metal treatment. More recently, Everett et al. have shown that HSV-1 infection has profound effects on the modification state of PML (9) . Upon infection, SUMO-modified forms of PML appear to be degraded, leaving only the unmodified, soluble forms of PML in the nucleus (9) . Further experiments will be required to determine the modification state of the PML which is recruited to HSV-1-infected cells during stages III and IV. It is possible that the PML observed in stage III and stage IV foci represents unmodified isoforms not targeted for degradation.
In order to better understand the viral requirements for the formation of stage III foci and replication compartments, we studied the viral foci formed in cells infected with viruses defective in DNA replication genes. Since the previously identified ND10-associated prereplicative sites (now designated PML-containing prereplicative sites) resemble stage III foci both in their morphology and in the time of their appearance, we propose that PML-containing prereplicative sites are equivalent to these intermediates but are unable to progress to replication compartments because of polymerase inhibition. In previous studies Liptak et al. (23) and Lukonis and Weller (25) examined the requirements for the formation of prereplicative sites, using viral mutants lacking individual HSV replication proteins such as helicase-primase, origin binding protein, and viral polymerase. Both of these studies, however, were performed before the two types of prereplicative sites were identified. In this study we have examined the involvement of viral DNA replication genes in the formation of the PML-containing prereplicative sites. We show that stage III foci do not form in cells infected with mutants lacking the helicase-primase or the origin binding protein. Furthermore, in the presence of a polymerase inhibitor, the helicase-primase and origin binding protein mutant viruses form the numerous type of prereplicative sites, thought to represent localization of ICP8 to cellular replication forks of cells in S phase, but they do not form the PML-containing prereplicative sites which resemble stage III foci. This result indicates that the formation of PML-containing prereplicative sites (and stage III foci) requires the presence of each of the helicase-primase subunits and the origin binding protein. This supports the model proposed by Liptak et al. in which ICP8, UL5, UL8, UL52, and UL9 form a subassembly of viral replication proteins which later recruits the polymerase and polymerase accessory protein (23) .
In addition to containing each of the viral DNA replication proteins, replication compartments have been reported to contain both PML and Sp100 and another ND10 protein recognized by monoclonal antibody 138 (24, 26, 39) . A surprising finding made in the present study is that PML is recruited to PML-containing prereplicative sites (stage III foci) and replication compartments in a manner which is dependent on the presence of the viral polymerase. ICP8 foci resembling stage III foci are observed in cells infected with a virus lacking the polymerase, but they do not contain PML. We considered several possible explanations for the inability of a polymerase null mutant to recruit PML into stage III foci. First, it was possible that UL42, the polymerase accessory factor, is responsible for the recruitment of PML to replication foci. However, in cells infected with a UL42 null virus, PML was detected in viral foci in some but not all of the cells. This result indicates that UL42 is not absolutely required for PML recruitment but may enhance PML recruitment in some way. Second, it was possible that the polymerase protein itself is required for PML recruitment. Experiments using small deletions and point mutations of the polymerase catalytic subunit will be required to answer this question. It is also possible that PML is recruited only to areas at which DNA synthetic machinery is intact, although it is interesting that the presence of a polymerase inhibitor, PAA, does not prevent PML recruitment to viral foci. Regardless of how PML is recruited to wild-type viral foci, the recruitment of PML to stage III foci and replication compartments raises questions about its role in these domains. Since PML has never been implicated directly in cellular DNA replication, it seems unlikely that it plays a direct role in DNA synthesis; however, it may play a role in the recruitment of other cellular proteins which are involved either directly or indirectly in DNA replication. The observation that several cellular proteins involved in DNA replication and repair are recruited to viral prereplicative sites and replication compartments (48) is consistent with this hypothesis.
During HSV infection ICP0 is responsible for the selective degradation of some isoforms of PML as well as other cellular proteins including the large subunit of the DNA-dependent protein kinase (9, 22) . The loss of the PML isoforms is correlated with the ND10 disruption (9). At least two models which are not mutually exclusive can be envisioned for how ND10 disruption may contribute to the establishment of a productive viral replication. (i) Everett et al. have proposed that the selective degradation of cellular proteins leads to a stimulation of viral gene expression (9) . The positive effects on viral gene expression may increase the likelihood that viral infection will progress efficiently. (ii) Viral DNA replication may require association with nuclear sites that are marked by ND10 (30) . The disruption of ND10 and the degradation of some isoforms of PML upon infection may expose underlying sites, allowing the viral genome or viral replication proteins to become associated. According to this model, the presence of intact ND10 may inhibit viral DNA replication by masking important nuclear attachment sites.
